Ribavirin is a broad-spectrum antiviral drug with inhibitory activity against many RNA viruses, including measles virus. Five patients with subacute sclerosing panencephalitis (SSPE) were treated with ribavirin by intraventricular administration. Although there were transient side effects attributed to ribavirin, such as drowsiness, headache, lip and gingival swelling, and conjunctival hyperemia, intraventricular ribavirin therapy was generally safe and well tolerated. The cerebrospinal fluid (CSF) ribavirin concentration decreased, as described by a monoexponential function, after a single intraventricular dose. There was considerable interindividual variability, however, in the peak level and half-life. We aimed to adjust the individual dose and frequency of intraventricular administration based on the peak level and half-life of ribavirin in the CSF in order to maintain the CSF ribavirin concentration at the target level. Clinical effectiveness (significant neurologic improvement and/or a significant decrease in titers of hemagglutination inhibition antibodies against measles virus in CSF) was observed for four of five patients. For these four patients, CSF ribavirin concentrations were maintained at a level at which SSPE virus replication was almost completely inhibited in vitro and in vivo, whereas the concentration was lower in the patient without clinical improvement. These results suggest that intraventricular administration of ribavirin is effective against SSPE if the CSF ribavirin concentration is maintained at a high level. Intraventricular ribavirin therapy should be pursued further for its potential use for patients with SSPE and might be applied in the treatment of patients with encephalitis caused by other RNA viruses.
Subacute sclerosing panencephalitis (SSPE) is a progressive and fatal central nervous system disorder that results from a persistent SSPE virus infection. There is currently no specific treatment for SSPE. SSPE virus strains are measles viruses in which the viral genes encoding the structural proteins are altered. The altered genes appear to be important in the pathogenesis of the persistent central nervous system infection that yields the SSPE syndrome. We examined a wide variety of antiviral compounds for their inhibitory effects on measles and SSPE virus strains in vitro. Ribavirin inhibited the replication of SSPE virus strains more than other nucleoside and nonnucleoside compounds (6) , including inosiplex and interferon (IFN), which are reported to prolong the lives of patients with SSPE. The 50 and 99% inhibitory concentrations of ribavirin in vitro were calculated to be 8.0 and 50 g/ml, respectively (6, 8) .
In a hamster SSPE model, ribavirin administered into the subarachnoid space inhibited replication of SSPE virus in the brain and improved the survival rate (5) . The MIC and complete inhibitory concentration of ribavirin in the hamster brain were estimated to be 5 to 10 g/ml and 50 to 100 g/ml, respectively (9) .
Two patients with SSPE were treated safely and effectively with a high dose of intravenous ribavirin combined with intraventricular IFN (11) . The ribavirin concentrations maintained in the serum (10.2 to 20.9 g/ml) and cerebrospinal fluid (CSF) (7.5 to 17.4 g/ml) were comparable to the MICs in vitro and in vivo (7) . Although there were definite improvements in the neurologic states of both patients, neurologic deterioration was observed a few months after the high-dose intravenous ribavirin therapy was stopped. For lasting efficacy, a higher ribavirin concentration in the CSF seems to be necessary. Because of systemic toxicity, i.e., anemia, we could not further increase the ribavirin dose by intravenous administration. Therefore, we administered intraventricular ribavirin to five patients with SSPE and analyzed the pharmacokinetics of ribavirin in the CSF.
MATERIALS AND METHODS
Intraventricular ribavirin therapy was approved by the ethics committee of the institution to which the patients were admitted. Informed consent was obtained from the patients' parents after a full explanation of the procedures. Five children with SSPE were enrolled in the study. Oral isoprinosine and intraventricular IFN administrations were continued. For patients 1 and 2, intravenous ribavirin therapy preceded intraventricular ribavirin therapy. For the remaining three patients, ribavirin therapy was initiated with intraventricular administration. Ribavirin for intravenous use (virazole; ICN Pharmaceuticals, Costa Mesa, Calif.) was diluted to the appropriate concentration with saline solution, and 1 to 2 ml of diluted ribavirin solution was injected into the ventricular cavity through the Ommaya reservoir. Ribavirin at an initial dose of 1.0 mg/kg of body weight was administered intraventricularly, and CSF samples were collected from the Ommaya reservoir at 2, 6, and 12 h after administration and from a lumbar tap 6 h after administration.
Ribavirin concentrations were measured by high-performance liquid chromatography (9) . In brief, the sample was diluted with 2 volumes of phosphatebuffered saline, 60% HClO 4 was added to a final concentration of 0.5 M, and the sample was kept on ice for 30 min. The treated sample was centrifuged at 1,600 ϫ g for 10 min. The supernatant was collected, neutralized with KH 2 PO 4 and KOH, kept on ice for 5 min, and then used as a sample for a high-performance liquid chromatography assay. The sample (10 l) was loaded onto a reversephase column (TGKgel ODS-12T column; Tosho, Tokyo, Japan) and eluted with the buffer at a flow rate of 1.0 ml/min. Absorbance at 226 nm was measured with a UV detector. The ribavirin solution (1 mg/ml) was diluted to 100, 50, 25, 12.5, 6.25, and 0 g/ml with CSF taken from patients with leukemia for routine examination, and those diluted solutions were used as the ribavirin standard. The CSF ribavirin concentration was estimated from a standard curve of the optical density versus the ribavirin concentration. The correlation coefficient of optical density to ribavirin concentration was 0.99 within the range of 0 to 500 g/ml. The lower limit of detection for the assay was 0.1 g/ml. Data were averaged over two independent measurements.
The expected concentration immediately after administration (C 0 ) and the half-life (t 1/2 ) of ribavirin in the CSF were calculated from a curve of the ribavirin concentration versus time after administration. The target concentration of ribavirin in CSF was 50 to 200 g/ml, at which point ribavirin completely inhibits SSPE virus replication and shows no toxicity in vitro or in vivo (6, 9) . We aimed to adjust the dose and frequency of ribavirin administration to maintain the CSF ribavirin concentration at the target level. The frequency of intraventricular administration each day was set based on the individual's t 1/2 as the trough concentration reached the lower limit of the target concentration (50 g/ml) if the peak concentration was close to the upper limit of the target concentration (200 g/ml): once a day for patient 4, twice a day for patients 1, 2, and 5, and three times a day for patients 3. We increased the dose of ribavirin from 1 to 2 and then to 3 mg/kg, until the ribavirin concentration in the CSF 2 h after administration was close to 200 g/ml for patients 3 and 4. We continued ribavirin therapy at the initial dose of 1 mg/kg for patients 1 and 2, because the treatment was judged to be clinically effective. For patient 5, neurologic symptoms had deteriorated rapidly prior to the start of the initial treatment, and we did not increase the dose when the peak ribavirin concentration in the CSF was not high enough. We aimed to continue the administration for 10 days and repeated the 10-day therapy at 20-day intervals (patients 3 and 4). When side effects such as headache and drowsiness were observed, the administration period was reduced to 5 days, and the 5-day therapy was repeated at 10-day intervals to avoid serious side effects (patients 1, 2, and 5). CSF samples were collected from the Ommaya reservoir at 2 and 12 h after each administration for patient 1, at 2 and 12 h after the 1st and 5th administrations for patients 2 and 5, at 2 and 24 h after the 1st administration for patient 4, and at 2 and 8 h after the 1st and 7th administrations for patient 3. We did not administer intravenous ribavirin in addition to intraventricular ribavirin.
To evaluate clinical response, the neurologic disability index (NDI) score was assessed (4). The index consists of four sections: mental-behavioral, involuntary movement or seizures, motor-sensory, and vegetative-systemic. Each section consists of five items, and each item is scored on a five-point scale as follows: 0, no abnormality; 1 through 4, mild, moderate, severe, and profound abnormality, respectively. The NDI score is calculated as total accumulated points. Roughly, an NDI score of 0 to 25 is associated with stage I SSPE, a score of 26 to 50 is associated with stage II, 51 to 75 corresponds to stage III, and 76 to 88 corresponds to stage IV according to Jabbour's classification. A significant improvement was defined as a decrease of more than 10 points in the NDI score and a decrease of more than 1 in the clinical stage according to Jabbour's classification. Slight improvement was defined as a decrease of more than 2 points in the NDI score and no change in the clinical stage. Hemoglobin and reticulocyte examination, renal and liver function tests, electrolyte analysis, and urinalysis were used to assess drug toxicity weekly. Hemagglutination inhibition (HI) antibodies against measles virus in the CSF were examined monthly. A significant decrease in HI antibody levels was defined as a Ͼ4-fold decrease.
RESULTS
Ribavirin concentrations were similar in samples collected from the Ommaya reservoir and samples collected from the lumbar tap at 6 h after administration. The difference between the two concentrations was less than 30%. Thus, we used CSF samples collected from the Ommaya reservoir for measurement of ribavirin concentrations.
The concentration-time profile of ribavirin in CSF was described by a monoexponential function. Typical curves illustrating the individual CSF ribavirin concentration-time profiles are shown in Fig. 1 . There was considerable interindividual variability in C 0 and t 1/2 . C 0 was high in patient 2, moderate in patient 3, and low in patients 1, 4, and 5. t 1/2 was long in patients 1 and 4 and short in patients 2, 3, and 5.
Patient 1 had previously received intravenous ribavirin therapy combined with intraventricular IFN-␣ therapy (10) . The intravenous ribavirin therapy was repeated for more than 6 months. His hypertonicity, neurobladder incontinence, and dysphagia improved, although other neurologic symptoms did not change after combination treatment. The NDI score was 78, and the patient was in stage III to IV SSPE according to Jabbour's classification (Table 1) . Intraventricular ribavirin administration at a dose of 1 mg/kg twice a day maintained the concentration of ribavirin in the CSF at 50 to 100 g/ml (Fig.  2) . Although there was no dramatic neurologic improvement, his neurologic state was slightly improved (stage III SSPE). The NDI score decreased to 75 at the end of the therapy, at 12 months. The titer of HI antibodies against measles virus in the CSF decreased markedly, from 1:128 to 1:8 (Table 1) . Side effects, such as lip swelling, conjunctival hyperemia, and drowsiness, attributed to intraventricular ribavirin administration were observed 2 to 3 days after the start of therapy and disappeared 4 to 5 days after the cessation of therapy. The toxicities were transient and mild compared with those of high-dose intravenous administration.
Patient 2 demonstrated remarkable clinical improvement after beginning intravenous ribavirin therapy (11) . Intravenous ribavirin therapy was repeated for more than 6 months. Her myoclonic seizures disappeared, hearing in her right ear improved, and the NDI score decreased from 34 to 23. The titer of HI antibody against measles virus in the CSF decreased from 1:128 to 1:4, with clinical improvement. She returned to stage I SSPE according to Jabbour's classification. After intravenous ribavirin therapy was stopped, however, her neurologic state deteriorated (stage II SSPE; NDI score, 32) and the titer of HI antibodies against measles virus in the CSF increased to 1:16 (Table 1) . Intraventricular ribavirin administration at a dose of 1 mg/kg twice a day maintained the concentration of ribavirin in the CSF at 10 to 150 g/ml (Fig. 2) . Her neurologic state again improved, and the titer of HI antibodies against measles virus in the CSF decreased to 1:4. At the end of 3 months of intraventricular ribavirin therapy, she was free from any convulsions or myoclonus and had an NDI score of 22 (Table 1) . Side effects, such as lip swelling, conjunctival hyperemia, headache, and drowsiness, attributed to intraventricular ribavirin therapy were observed 2 to 3 days after the beginning of therapy and disappeared a few days after cessation of the therapy. There was no recurrence 6 months after termination of the therapy, and the NDI score was 19.
Patient 3 had measles at the age of 6 months. At the age of 6, he was diagnosed with stage III SSPE according to Jabbour's classification on the basis of clinical symptoms, electroencephalographic (EEG) abnormalities (periodic and synchro-nous discharge of high-voltage slow waves and spikes), and an elevated titer of HI antibodies against measles virus in the CSF (1:64). Intraventricular IFN-␣ therapy (300 ϫ 10 4 IU twice a week) for 20 months did not improve his neurologic state. His disease was at stage III of Jabbour's classification, and his NDI score was 75, before the start of intraventricular ribavirin therapy (Table 1) . Intraventricular ribavirin administration at a dose of 1 mg/kg three times a day maintained the CSF ribavirin concentration at 20 to 100 g/ml. The dose of ribavirin administered intraventricularly was increased to 2 and then to 3 mg/kg three times a day, and the CSF ribavirin concentration increased to 40 to 150 g/ml and 50 to 200 g/ml, respectively (Fig. 2) . His neurologic state improved slightly. The myoclonic seizures and periodic synchronous discharge on EEG disappeared 6 months after the start of therapy. Cyclic intraventricular ribavirin therapy was continued for 11 months. Although he remained in stage III SSPE according to Jabbour's classification, his response to stimuli improved, his respiratory state stabilized, and the NDI score decreased to 70. The titer of HI antibody against measles virus in the CSF decreased to 1:16 (Table 1) . Lip swelling attributed to intraventricular ribavirin therapy was observed transiently and disappeared a few days after the cessation of therapy. No severe side effects were noted even at the highest dose (9 mg/kg/day) of ribavirin administered.
Patient 4 was diagnosed with stage II to III SSPE according to Jabbour's classification at the age of 4 on the basis of clinical symptoms, EEG abnormalities (periodic and synchronous discharge of high-voltage slow waves and spikes), and an elevated titer of HI antibody against measles virus in the CSF (1:16). Despite intraventricular IFN-␣ therapy (300 ϫ 10 4 IU twice a week) for 13 months, her neurologic state gradually deteriorated. Her disease was at stage III to IV of Jabbour's classification, and her NDI score was 79, before the start of intraventricular ribavirin (Table 1) . Intraventricular ribavirin administration at doses of 1, 2, and 3 mg/kg once a day maintained the concentration of ribavirin in CSF at 6 to 70, 10 to 100, and 25 to 150 g/ml, respectively (Fig. 2) . Cyclic intraven-FIG. 1. CSF ribavirin concentration-time profiles after intraventricular administration of a single dose at 1 mg/kg. The CSF ribavirin concentration decreased, described by a monoexponential function. C 0 and t 1/2 differed across individuals. C 0 was high in patient 2, moderate in patient 3, and low in patients 1, 4, and 5. t 1/2 was long in patients 1 and 4 and short in patients 2, 3, and 5. The data were averaged over two independent measurements. The difference between the two measurements was less than 20%. on November 7, 2017 by guest http://aac.asm.org/ tricular ribavirin therapy was continued for 12 months. Slight neurologic improvement was observed (NDI score, 74), and the titer of HI antibody against measles virus in the CSF decreased to 1:4 (Table 1) . No obvious side effects attributed to intraventricular ribavirin therapy were observed. Patient 5 had measles at the age of 18 months. At the age of 11, a decline in behavior and intellectual function became prominent. Atonic seizures and erratic myoclonus were frequently observed. He was diagnosed with stage II SSPE according Jabbour's classification on the basis of the clinical symptoms, an elevated titer of HI antibody against measles virus in the CSF (1:8), and detection of measles virus RNA in the CSF by reverse transcription-PCR. His clinical symptoms deteriorated rapidly, and his disease progressed to stage III of Jabbour's classification within 2 weeks after admission. When the Ommaya reservoir was implanted and ribavirin therapy was approved by the Ethics Committee, his NDI sore was 68 (Table  1) . Intraventricular ribavirin therapy combined with intraventricular IFN therapy (300 ϫ 10 4 IU twice a week) was started. Intraventricular ribavirin administration at a dose of 1 mg/kg twice a day maintained the concentration of ribavirin in the CSF at 10 to 75 g/ml (Fig. 2) . Cyclic intraventricular ribavirin therapy was continued for 4 months. Neither clinical improvement nor a decrease in the titer of HI antibody against measles virus in the CSF was observed. The NDI score at the end of 4 months of ribavirin therapy was 72 (Table 1) . Lip and gingival swelling attributed to intraventricular ribavirin therapy was observed transiently.
DISCUSSION
There were mild and transient side effects, such as lip and gingival swelling, conjunctival hyperemia, headache, and drowsiness. Anemia, which is commonly encountered with systemic ribavirin administration, was not observed. Intraventricular administration of ribavirin was generally safe and well tolerated (12) .
Individual CSF ribavirin concentrations immediately after intraventricular administration at a dose of 1 mg/kg were patient dependent. C 0 was high in patient 2, moderate in patient 3, and low in patients 1, 4, and 5. This difference might be due to differences in individual CSF volume (3) . Although the CSF ribavirin concentration decreased, as described by a monoexponential function, t 1/2 also differed among individuals. The half-life of ribavirin in the CSF was long (7 to 9 h) in patients 1 and 4 and short (2 to 3 h) in patients 2, 3, and 5. The difference might be explained by differences in the clearance rate depending on the ability to produce and excrete CSF (1) and the volume of CSF (3) . Therefore, intraventricular administration every 8 or 12 h was required for patients with a short FIG. 2. Expected and observed CSF ribavirin concentrations following repeated intraventricular administration. In patients 1, 2, 3, and 4, CSF ribavirin concentrations were maintained at almost completely inhibitory levels. The data were averaged over two independent measurements. The difference between the two measurements was less than 20%.
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on November 7, 2017 by guest http://aac.asm.org/ ribavirin half-life. For patient 3, the ribavirin concentration was maintained at 50 to 200 g/ml by intraventricular administration at a dose of 3 mg/kg every 8 h (9 mg/kg/day) and no serious side effects were observed. The CSF ribavirin concentrations were comparable to those at which ribavirin completely inhibited SSPE virus replication without toxicity in vitro and in vivo (50 to 200 g/ml). Thus, we maintained effective and safe ribavirin concentrations in the CSF by adjusting the dose and frequency of intraventricular administration of ribavirin. The neurologic condition improved significantly for one patient (patient 2), improved slightly for three (patients 1, 3, and 4), and deteriorated slightly for one (patient 5). The titer of HI antibody against measles virus in the CSF decreased significantly in four patients (patients 1, 2, 3, and 4) and was unchanged at relatively low levels in one (patient 5). Clinical effectiveness (significant neurologic improvement and/or significant decrease in the titer of HI antibody against measles virus in the CSF) was observed for four (patients 1, 2, 3, and 4) of five patients treated with intraventricular ribavirin therapy. In these four patients, CSF ribavirin concentrations were maintained at an almost completely inhibitory concentration (Fig.  2) . Because intraventricular IFN plus oral isoprinosine therapy preceded intraventricular ribavirin therapy and did not modify clinical progression, the clinical effectiveness could be attributed to intraventricular ribavirin therapy. Neither neurologic nor laboratory improvement was observed for patient 5, whose CSF ribavirin concentration might not have been high enough to inhibit viral replication (Fig. 2) . These results suggest that intraventricular administration of ribavirin is effective if the CSF ribavirin concentration is maintained at a high level. Placebo-controlled trials with a large number of patients at an early stage of SSPE are required. Such trials, however, are difficult because of the rare incidence of SSPE in countries where measles vaccination is widely applied.
Ribavirin was toxic at a concentration close to the effective concentration in vitro and in vivo. Therefore, monitoring of the CSF ribavirin concentration is necessary. We measured the ribavirin concentration in real time and adjusted the dose and frequency of ribavirin administration. This, however, is impossible in many institutions. One course of intraventricular ribavirin therapy consists of 10-day treatments at 20-day intervals or 5-day treatments at 10-day intervals. Ribavirin concentrations in the CSF after the initial treatment at a dose of 1 mg/kg twice a day should be measured, and the results should be used to adjust the dose and frequency of the next treatment.
CSF ribavirin concentrations were maintained at concentrations at which SSPE virus replication was completely inhibited in vitro and in vivo by adjusting the optimum dose and frequency of ribavirin administration. Ribavirin at this concentration might inhibit the replication of other RNA viruses (2, 10) such as paramyxoviruses, orthomyxoviruses, picornaviruses, togaviruses, and human immunodeficiency viruses. Intraventricular ribavirin therapy should be further pursued for its potential use for patients with SSPE and might be applied for the treatment of patients with encephalitis caused by other RNA viruses.
